Solid solutions with chemical formula Mg 2 (Si,Ge,Sn) are promising thermoelectric materials with very good properties for the n-type material but significantly worse for the p-type. For power generation applications good n-and p-type materials are required and it has been shown recently that Li doping can enhance the carrier concentration and improve the thermoelectric properties for p-type Mg 2 Si 1-x Sn x . We have investigated the potential of p-type Mg 2 (Ge,Sn) by optimizing Mg 2 Ge 0.4 Sn 0.6 using Li as dopant. We were able to achieve high carrier concentrations (1.4 × 10 20 cm −3 ) and relatively high hole mobilities resulting in high power factors of 1.7 × 10 −3 W m −1 K −2 at 700 K, the highest value reported so far for this class of material. Exchanging Ge by Si allows for a systematic comparison of Mg 2 (Ge,Sn) with Mg 2 (Si,Sn) and shows that Si containing samples exhibit a lower power factor but also a lower thermal conductivity resulting in comparable thermoelectric figure-of-merit. The data is furthermore analyzed in the framework of a single parabolic band model to gain insight on the effect of composition on band structure.
Introduction
Thermoelectric materials can be used to convert (waste) heat directly into electrical energy. They can thus power autonomous devices or enhance the energy efficiency of various applications and industrial processes [1] . The efficiency of the heat to electrical energy conversion is linked to the thermoelectric figure of merit of the materials, given by =
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, here is the electrical conductivity, the thermal conductivity, the Seebeck coefficient, and the absolute temperature. A large fraction of the potentially available waste heat can be found in the mid-temperature region 1 between 500 K and 800 K for which several material classes with attractive thermoelectric properties with > 1 can be considered, e.g., nanostructured PbTe [2] , CoSb 3 based skutterudites [3] , half Heusler [4] , SnSe [5] , Cu 2 Se based materials [6] , and Mg 2 Si based solid solutions [7] [8] [9] [10] [11] [12] [13] . Among these, Mg 2 Si-based solid solutions have the crucial advantage of abundant and non-toxic constituting elements. This makes them one of the most attractive material classes also from an economical point of view [14] . A further material class specific advantage is their low density which is a factor of 2-3 lower than that of skutterudites or PbTe. This holds especially for the binary or Si-rich compositions [15] [16] [17] and gives magnesium silicides an advantage where weight is crucial, i.e., in airborne or mobile applications.
Furthermore, magnesium silicides are a technologically relatively advanced material class with systematic contacting studies available [18] [19] [20] [21] [22] , fabrication and analysis of lab prototypes for thermoelectric modules [23] [24] [25] [26] [27] [28] and companies like Alphabet Energy commercializing Mg 2 Si-based thermoelectric generators.
However, the excellent thermoelectric properties have been reported only for n-type material, with the p-type being clearly inferior [29, 30] . Various dopants have been used to synthesize p-type material [31, 32] . Some like Ag are found to be unstable at higher T leading to mixed conduction [33] , while others induce holes into the material but far less than expected thus leading to unoptimized material due to too low carrier concentrations. Based on earlier work of Isoda et al. [34] , it has been shown recently by Zhang et [36, 37] . For the n-type material it has been shown that Mg 2 (Ge,Sn) has thermoelectric properties comparable to Mg 2 (Si,Sn) with the additional advantage that the power factors are systematically larger [38, 39] . It is thus the superior material for applications where output power is the main concern, in addition to efficiency. For the p-type material no reports of Mg 2 (Ge,Sn) using Li as dopant are available. We have therefore synthesized Li-doped Mg 2 Ge 0.4 Sn 0.6 using mechanical alloying of the elements. This synthesis technique is well established for the n-type material as it largely avoids Mgloss and oxidation issues that are often a problem with liquid synthesis techniques [38] [39] [40] . We can show that Li is a relatively effective dopant for Mg 2 Ge 0.4 Sn 0.6 allowing for > 10 20 cm −3 and max > 0.5. We have furthermore synthesized Li-doped Mg 2 Si 0.4 Sn 0.6 samples using the same synthesis route allowing for a systematic study of the effect of two elements. Further comparison with literature data leads to some understanding of the influence of the (Si/Ge):Sn ratio on thermoelectric properties, band structure and dopant solubility.
Experimental
The desired elements (Magnesium turning (Mg, 99.98%; Alfa Aesar), tin shots and powder (Sn, 99.8%; Alfa Aesar), germanium pieces (Ge, 99.9999%; Alfa Aesar), silicon granule (Si, 99.999%; Alfa Aesar), and Li shots (99.9%, Alfa Aesar) were loaded into a stainless steel jar in a glove box according to the desired composition and a total mass of 10 g. No excess Mg was added. The elements were ball milled in a Spex 8000 high energy ball mill for a total time of 20 h. During the 20 h the jar was usually inspected 3 times to clear macroscopic inhomogeneity that might have formed during ball milling. After 20 h the powder was of bluish appearance and no inhomogeneity was apparent. Cylindrical pellets were compacted using current assisted sintering with a sintering temperature of 1023 K, a holding time of 2 min, a heating rate of 100 K/min and a pressure of 60 MPa. Temperature dependent electrical conductivity and Seebeck coefficient data was obtained using a ZEM-3, while the thermal conductivity was obtained as the product of the thermal diffusivity measured by a laser flash measurement system (Netzsch, LFA 457), the mass density by Archimedes' principle, and the specific heat by differential scanning calorimetry (Netzsch, DSC 404 C). The experimental results for the specific heat was averaged for all Mg 2 Ge 0.4 Sn 0.6 samples and the mean values were used to calculate the thermal conductivity = ; the same was done for the Mg 2 Si 0.4 Sn 0.6 samples. The precision of and is estimated to be 5%, while the absolute error may be larger [41] . For the measurement the uncertainty is estimated to 10%. Hall coefficients were measured at room temperature using a PPMS (Quantum Design, PPMS Dynacool) and a single carrier type was assumed for calculation of carrier density and carrier mobility. X-ray diffraction (XRD) data was obtained using a Siemens D5000 and Rietveld refinement of the lattice parameters was performed using Topas 4.2. SEM images were taken using a Zeiss Ultra 55 equipped with an energy dispersive Xray (EDX) detector.
Results
A list of samples with nominal compositions and room temperature transport properties is given in Table I . 
Composition
Li content / 10
Red. chem. pot The room temperature Hall data shows an increase in charge carrier concentration with increasing Li content both for the Mg 2 Ge 0.4 Sn 0.6 and Mg 2 Si 0.4 Sn 0.6 samples for small and saturation for ≥ 0.03. The Hall mobility H decreases with increasing .
Exemplary data from powder XRD is presented in Figure 1 . The main peaks correspond to the cubic anti-fluorite structure of Mg 2 Si, Mg 2 Ge, and Mg 2 Sn. The lattice parameter is = 6.611 Å ± 0.002 Å for all Mg 2 Ge 0.4 Sn 0.6 samples. Most of the spectra also exhibit small peaks that can be identified as elemental Sn. If the Li is not incorporated completely into the lattice but can be found e.g., at the grain boundaries or if some Mg is lost during synthesis the matrix material will be Mg deficient. This can be compensated by segregation of Sn, leading to the observed secondary phase peaks in the XRD data. As Mg 2 Sn is less stable than Mg 2 Si or Mg 2 Ge [42, 43] it is plausible that elemental Sn segregates rather than Si or Ge. The results for the Mg 2 Si 0.4 Sn 0.6 samples are comparable. The theoretical density can be estimated from the refined lattice parameter and all samples listed in Table I have a relative density > 97%, with most samples > 98%. Table I .
An SEM picture of the sample with = 0.03 is shown in Figure 2 . Besides the main phase in gray some bright and black spots are visible. The latter ones correspond to the little porosity of the material while the bright spots are possibly due to remains from the polishing process or due to Sn precipitates as also identified in the powder X-ray diffraction data. The grains in the material show a size distribution in the 0.1 µm − 1 µm range, with the crystallites possibly being substantially smaller [36, 44] . Pointwise EDX shows a small variation in the material composition Mg A Ge B Sn C (Li has not been detected), with 1.985 < < 1.996, 0.358 < < 0.391, and 0.613 < < 0.657. The brighter grains are slightly Sn rich compared to the darker ones. This co-existence of neighboring phases with similar but distinct compositions has been observed previously for Mg 2 Si based solid solutions [45] . However, the differences are very small so that the material will be treated as single phase material for the electronic transport discussion. We also attempted elemental analysis of the bright spots. These show a slight Mg deficiency and some Sn enrichment but the exact composition cannot be resolved due to the limited spatial resolution of the EDX. It is plausible, though, that these spots contain some elemental Sn that has also been identified in the XRD.
The thermoelectric transport data for the Mg 2-x Li x Ge 0.4 Sn 0.6 samples is presented in Figure 3 . For better visibility error bars are shown for one sample only but are (relatively) the same for all samples. was calculated from the polynomial fits of , , that are shown as solid lines. The lattice thermal conductivity lat (plus the bipolar contribution) is calculated from lat + bi = − e = − , where e is the electronic contribution to the thermal conductivity and the Lorenz number that was calculated in the framework of a single parabolic band model, see discussion section. The electrical conductivity decreases with increasing temperature for low T, while at high temperatures a plateau is observed for some samples, especially those with high Li content. The Seebeck coefficient is positive for all samples, indicating p-type conduction. The magnitude increases linearly with temperature for low temperatures, but the slope decreases with increasing T showing a clear maximum for the lowest doped sample. With increasing , increases while decrease, however for ≥ 0.03 the differences between the samples become small. Overall, the trends are as expected for a degenerate semiconductor, with some deviations in the temperature dependence of some of the samples. The thermal conductivity decreases with increasing temperature for all samples and shows a minimum at ≈ 600 K due to the onset of the bipolar contribution. The result for lat + bi shows the onset of the bipolar more pronounced for the low doped samples as is expected. It can also be seen that the higher doped samples show a somewhat lower lat + bi , however, the effect is small. The overall trends are similar to the Ge-containing samples with lower and larger due to lower carrier concentrations. Again, for ≥ 0.03 the properties of all samples are relatively similar due to similar carrier concentrations and dopant saturation. As for the Ge containing samples a small decrease of the lattice thermal conductivity is observed with increasing . exceeds 0.55 at 670 K for the best samples. In contrast to the Ge-containing samples, the maximum figure of merit is below 700 K for all samples. 
Discussion
The Mg 2 Ge 0.4 Sn 0.6 and Mg 2 Si 0.4 Sn 0.6 samples of this study have been prepared employing the same synthesis route and compaction parameters. It is thus possible to give some indication on the effect of Sn substitution by Si/Ge on the thermoelectric properties. From Table I it can be observed that for low Li content the carrier concentrations are similar, however, they "saturate" at different values for high nominal Li contents with the Ge containing samples showing higher charge carrier concentration values. The thermoelectric properties between the two sample classes differ as they are controlled by to a large degree but it can be seen that the (Hall) mobility H is lower (at comparable ) for the Si-containing samples. This leads to lower power factors making the Si containing samples less attractive where power output in addition to efficiency is also application concern. It can also be seen that the Si-containing samples have a lower (lattice) thermal conductivity. Both effects are well known for the n-type material and are due to the higher mass contrast and atomic radius difference between Si and Sn than Ge and Sn [38, 39] .
A direct comparison of the thermoelectric properties is given in Figure 5 ℎ the hot side temperature and Δ = ℎ − . While evaluates the thermoelectric properties of a material at a certain temperature, ( ) eng is an integral quantitiy that is closely related to a potential device efficiency [46] . It also allows for a better comparison between different materials where the temperature dependence of will be different, possibly leading to wrong conclusions about material quality. Due to the trade-off between and power factor the thermoelectric figure of merit of the best Mg 2 Ge 0.4 Sn 0.6 and Mg 2 Si 0.4 Sn 0.6 sample is comparable, with the Si sample being somewhat better over the whole temperature range, which also leads to a slightly better ( ) eng . Furthermore, for the Si containing sample (with lower H ) the detrimental influence of the bipolar effect is clearly visible leaving room for some improvement provided that the carrier concentration can be increased further. A comparison with literature data reveals that the Mg 2 Ge 0. 4 [35] [36] [37] 42] , with the optimum carrier concentration comparable to that in [37] , but significantly lower than the values reported in [35, 36, 42] . Carrier mobility and lattice thermal conductivity are roughly comparable but show some variations between the different reports. This is not unexpected as both quantities are not only influenced by intrinsic material properties but also by material synthesis technique and compaction, which are different for the different reports. Some insight on fundamental material parameters can be gained by analyzing the data in the frame work of a single parabolic band model [47] . This was found to be well suitable for the n-type material [8, 48] and often assumed to be valid for the p-type material [42, 49] . However, there is some debate whether this is applicable or two or more bands should be taken into account [35, 50] . We will thus employ it but discuss exceptions from the expected behavior. The relevant equations are . The density of states (DOS) effective mass is denoted as * . The Lorenz number is used to calculate the lattice thermal conductivity lat + bi = − e = − . For the calculations we have assumed a scattering parameter of = −0.5, corresponding to carrier scattering by acoustic phonons being dominant, an assumption that is considered to be well fulfilled for the material at temperatures above 300 K [8, 13, 48, 51] .
The density of states (DOS) effective mass * can be extracted from the measured Seebeck coefficient and the carrier concentration. The Seebeck versus carrier concentration (Pisarenko plot) at room temperature is shown in Figure 6 . The results are given for the Mg 2 Ge 0. and show a good correspondence to the theoretical prediction within the SPB model. For the Mg 2 Si 0.4 Sn 0.6 samples the average value is * ≈ 1.5 0 , indicating that replacing Si by Ge does not affect the band structure dramatically. This is due to the similarity of the crystal potentials for Si and Ge and is supported by density functional (DFT) calculations [53, 54] . Nevertheless, the higher * of the Mg 2 Si 0.4 Sn 0.6 samples can partially explain the observed lower mobility as ∝ ( * ) −2.5 for acoustic phonon scattering [55] . Comparing Mg 2 Ge 0.4 Sn 0.6 samples with Mg 2 Ge 0.25 Sn 0.75 samples it can further be deduced that increasing the Sn content from 0.6 to 0.75 has no significant effect on the band structure, either. It can be seen that the overall fit of the experimental data to the SPB prediction with * is quite good even for some literature date, especially for ≤ 10 20 cm −3 . The data from Zhang et al. for Mg 2 Si 0.3 Sn 0.7 presents an exception. They observe a significantly lower effective mass for low carrier concentrations which increases dramatically for large and have interpreted this as a proof for a non-degeneracy of the two highest valence bands and thus a varying contribution of the bands depending on carrier concentration. However, the vast majority of the data is consistent with the SPB model at least for < 2 × 10 20 cm −3 . This is specific for Li as it has been
shown that for Ga-doped p-type samples a non-constant effective mass can be observed for all relevant carrier concentrations [35, 49, 56] . Comparison with literature data for Li doped samples also shows that the mobility depends strongly on the synthesis technique (at comparable carrier concentration and composition) and that the optimum carrier concentration varies significantly between the different reports. This indicates that the SPB model is not sufficient to properly predict all the thermoelectric properties of the material and further research is required.
One of the reasons why p-type Mg 2 (Si,Ge,Sn) has remained poor previously is that for most dopants the experimentally observed hole concentration is way below the expected value. Zhang et al. show that Li is much more efficient than e.g., Ga, Ag, Na ,and K [35] , however it has also been noted previously that the hole concentration is also below the expected value if each Li provides one hole [35, 37] . We have therefore summarized the carrier concentration data versus nominal Li content in Figure 7 . The theoretical expectation was calculated for a lattice constant of = 6.6 × 10 −10 m and under the assumption that each Li atom replaces one Mg atom and provides one free hole. We have used the nominal Li content as it has been shown that the difference between nominal and actual Li content is not very large [35, 37] . This is due to the high solubility of Li in Mg 2 (Si,Ge,Sn) [35, 57] . Overall it can be seen that the dopant activation (ratio of experimental and theoretical carrier concentration) can be close to unity for low Li content but decreases approximately monotonously down to 0.1 with increasing Li content. Comparison of the samples by the authors (same synthesis technique) shows that replacing Si by Ge leads to a higher dopant activation as does increasing the Sn content in the samples. This confirms earlier reports in the literature [49] and is in line with experimental data e.g., from Ihou-Mouko et al. who showed an increase in carrier concentration going from Mg 2 Si to Mg 2 Si 0.6 Ge 0.4 at the same Ga content [54] . Comparison with literature reveals that the dopant activation depends on synthesis technique and parameters, an effect directly observed e.g., by Isachenko et al., who compared polycrystalline with nanocrystaline samples [42] . Gao et al. suggested that some Li might go into interstitial position (and thus does not provide holes as effectively as expected), but has not been confirmed experimentally [57] . The question why the dopant activation is way below unity for high Li content remains to be addressed in the future.
Conclusion
We have synthesized p-type Mg 2 Ge 0.4 Sn 0.6 and Mg 2 Si 0.4 Sn 0.6 samples using Li as dopant. No previous reports for Li doped Mg 2 Ge 0.4 Sn 0.6 can be found in the literature and we could obtain a peak power factor of 1.7 × 10 −3 Wm −1 K −2 , the best value for p-type Mg 2 (Si,Ge,Sn). Systematic comparison between Ge and Si containing samples show that the Si containing samples have a lower power factor but also a lower lattice thermal conductivity, resulting in a slightly better thermoelectric figure of merit. Analysis of our experimental data and literature results reveals that carrier effective mass can be described within the framework of a parabolic band model and that the difference between Si and Ge containing samples is small. We could also show that the dopant activation for Li decreases monotonously with increasing Li content and moreover that replacing Si by Ge and increasing of Sn:(Si,Ge) ratio enhances the dopant activation. This indicates that material optimization for p-type Mg 2 (Si,Ge,Sn) is more complex than for the n-type material as the optimization of carrier concentration is not only controlled by dopant concentration but also the Si:Ge:Sn ratio in the material. This might allow for further p-type material improvement in the future.
